Aspergillus fumigatus is an opportunistic fungal pathogen and is the leading cause of mold infections worldwide (15) . A. fumigatus can cause life-threatening invasive pulmonary aspergillosis and is a particularly serious problem in immunocompromised populations, such as bone marrow and solid organ transplant recipients (51) , cancer patients receiving cytotoxic chemotherapy (4), AIDS patients (32) , and those with chronic granulomatous disease (45) . Antifungal drugs are used in the treatment of invasive aspergillosis, but even with current treatments, mortality rates average 26 to 65% for invasive pulmonary aspergillosis, depending on the severity of the immunosuppression (38) . New treatments for invasive aspergillosis are therefore urgently needed.
Iron is an essential element for all eukaryotic cells and is required for important cellular functions such as DNA synthesis and repair, respiration, and detoxification of free radicals (9, 10) . Iron is abundant in the Earth's crust but is poorly bioavailable due to its low solubility in aerobic environments at neutral pH. Conversely, excess cellular free iron is damaging because iron can catalyze the formation of deleterious free radicals. Many microbes have adapted to the poor availability of iron by producing siderophores, low-molecular-weight, ferric iron-specific chelators (34) . Intracellular siderophores also play a role in iron storage, preventing the formation of damaging free radicals (28) .
Host animals can limit the growth of pathogenic microorganisms in vivo by significantly reducing free iron levels. Host high-affinity iron-binding molecules, such as transferrin, lactoferrin, heme, and ferritin maintain free iron levels in tissues at concentrations of approximately 10 Ϫ18 M (7), too low to support microbial growth. Transferrin is the predominant ironbinding molecule in plasma and is only about 30% saturated in healthy individuals. In response to infection, nonspecific host defenses decrease the level of transferrin saturation (7), further reducing free iron concentrations. Therefore, strategies for acquisition of iron from host iron-binding compounds are necessary for successful microbial colonization.
We have recently demonstrated that A. fumigatus is capable of growth in media containing concentrations of human serum which are inhibitory to the growth of most fungal pathogens (19) . Siderophores produced by A. fumigatus are responsible for its ability to access transferrin-bound iron, likely permitting its growth in the presence of serum (21) . A. fumigatus has been reported to produce several hydroxamate siderophores, including ferricrocin, ferrichrome, ferrichrome C, and NЈ,NЉ,Nٞ-triacetylfusarinine C (TAF) (16) . More recent studies have shown that TAF and ferricrocin ( Fig. 1 ) are the siderophores produced by A. fumigatus in the largest quantities (21, 35) . TAF and ferricrocin are produced at high concentrations in iron-limited media, including media containing serum (21) . Both TAF and ferricrocin have high thermodynamic iron binding constants, with pM values of 31.8 (2) and 26.5 (56) , respectively, compared to transferrin, with a pM of 23.6 (20) . (pM is the negative log concentration of free iron in a solution containing 1 M Fe 3ϩ and 10 M chelator at pH 7.4.) Siderophore production has been demonstrated to contribute to the virulence of several bacterial species, including Pseudomonas aeruginosa (31) , Vibrio species (27, 54) , and Burkholderia cepacia (46) . Iron is also an important factor in fungal infections. For example, treatment of dialysis patients with the iron-chelating drug desferrioxamine B is a risk factor for zygomycoses, because iron bound to desferrioxamine is efficiently used as an iron source by some species of zygomycetes (1, 11) .
Some of the genes involved in synthesis of hydroxamate siderophores have been characterized. These include sidA in Aspergillus nidulans (17) , dffA in Aspergillus oryzae (57) , pvdA in Burkholderia cepacia (46) and Pseudomonas aeruginosa (50) , and sid1 in Ustilago maydis (30) , all of which encode L-ornithine N 5 -oxygenases, the first committed step in hydroxamate biosynthesis. Genes coding for L-lysine N 6 -oxygenases, which are also involved in siderophore biosynthesis, have been characterized in bacteria such as Escherichia coli (12) . Several nonribosomal peptide synthetases have also been characterized, including sidC, which catalyzes the final step in ferricrocin synthesis in A. nidulans (17) , and sid2, which completes the synthesis of ferrichrome in Ustilago maydis (58) . Siderophore biosynthetic pathways are absent in human cells; therefore, these pathways represent potential new targets for antimicrobial chemotherapy.
To investigate the importance of siderophore biosynthesis in the virulence of A. fumigatus, we have constructed a ⌬sidA mutant of A. fumigatus by gene deletion. This strain should be unable to produce any hydroxamate siderophores, including TAF and ferricrocin. We have characterized the ability of the ⌬sidA strain to secrete siderophores, to grow in iron-limited media, and to remove transferrin-bound iron. We also examined ferric reduction activity of A. fumigatus as a possible alternative iron uptake pathway. Finally, we compared the virulence of the ⌬sidA strain to that of the parental strain and a rescued strain in a mouse model of invasive aspergillosis.
MATERIALS AND METHODS
Strains and growth conditions. A. fumigatus (ATCC 13073), originally isolated from a human pulmonary lesion, was obtained from the American Type Culture Collection and maintained on YM slants (0.3% malt extract, 0.3% yeast extract, 0.5% peptone, 0.5% glucose) at 4°C. A. fumigatus 13073 (hyg S sidA ϩ ) is here designated the wild-type (or parental) strain, while 19B4 (hyg R sidA Ϫ ) is designated the ⌬sidA strain. R3 is a rescued strain designated the ⌬sidA R strain (hyg R sidA ϩ ). The construction of 19B4 and the rescued strain is described below. 13073, 19B4, and the rescued strain are isogenic except for the disruption/ addition of the sidA gene. A. fumigatus strains were regularly cultured on YM plates or on YM plates containing 200 g/ml hygromycin B (Roche) at 28°C for 6 days until fully conidiated. Conidia were harvested by flooding the culture plate with phosphate-buffered saline (PBS) containing 0.05% Tween 20 and swabbing with a sterile cotton swab. The conidia were vortexed, centrifuged, resuspended in PBS, and filtered through a plug of sterile glass wool to remove hyphae. Concentrations of conidia were determined by counting in a hemacytometer.
Growth on different media. A. fumigatus was inoculated into 1-ml volumes of YM medium or 1 ml of modified Grimm-Allen (GA) medium [ 6 conidia/ml. GA medium was supplemented with 5 M FeCl 3 where described. Human serum (male) was obtained from Sigma, stored frozen until use, and added to media at a concentration of 10% (vol/vol). TAF and ferricrocin were purified from A. fumigatus cultures as previously described (21) and treated with 8-hydroxyquinoline to remove all bound iron to yield the desferri-forms. Siderophore solutions were dissolved in 70% ethanol prior to addition to media.
Dry weights of A. fumigatus cultures were measured by filtering the entire contents of each tube through preweighed, predried Whatman no. 1 filters and rinsing thoroughly with distilled water. Filters were oven dried and reweighed.
Construction of the ⌬sidA strain. Preliminary sequence data for A. fumigatus were obtained from The Wellcome Trust Sanger Institute (www.sanger.ac.uk). sid1 from Ustilago maydis (30) was used as a probe to search the A. fumigatus genome for homologous sequences.
Standard molecular techniques were carried out as described by Sambrook et al. (41) . Plasmids were propagated in Escherichia coli DH5␣ (Life Technologies). Genomic DNA was extracted from A. fumigatus by standard phenol-chloroform extraction (41) as described by May et al. (29) . pID620, composed of pBluescript SKϩ (Stratagene) containing the hph hygromycin resistance cassette in the EcoRI site (6), was kindly provided by D. W. Holden, Department of Infectious Diseases and Bacteriology, Royal Postgraduate Medical School, Imperial College of London, London, United Kingdom. Custom primers were ordered through Invitrogen. A 1.6-kb DNA fragment containing sidA was PCR amplified from A. fumigatus genomic DNA using primers 5Ј-AAGCTTAAGCTTTTGAACGGAAGTCAG AATCG and 5Ј-TCTAGATCTAGAACAGGTTCCCTCATGTCTGC, which flank the sidA gene and contain restriction sites for HindIII and XbaI, respectively (underlined). This PCR product was digested with HindIII and XbaI and then ligated into HindIII-and XbaI-digested pID620, generating pGAW1. pGAW1 was then digested with SmaI and PstI, excising bases 576 to 1078 of the sidA coding region. The hygromycin resistance cassette (hph) was PCR amplified from pID620 using primers 5Ј-AACGTTAACGTTGTAAAACGACGGCC AGTG and 5Ј-GGAAACAGCTATGACCATG. This PCR product was digested with PstI and ligated to the digested pGAW1, creating the sidA gene replacement vector, pGAW2. The correct disruption of sidA in the transformation vector pGAW2 was confirmed by sequencing the gene deletion construct (University Core DNA and Protein Services, University of Calgary, Calgary, Alberta, Canada). A. fumigatus was transformed using linearized pGAW2 by electroporation, according to the method of Weidner et al. (53 3A ). One transformant, 19B4, was selected for further study because it had the lowest levels of measurable siderophore secretion. Southern analysis was carried out on genomic DNA extracted from the wild-type strain and this putative ⌬sidA strain (19B4) by the method of May et al. (29) . Genomic DNA was completely digested with EcoRV, PstI, and HindIII, and fragments were separated by electrophoresis on 0.7% agarose and transferred to Hybond Nϩ (Amersham) using standard techniques (41) . Probes to the entire sidA gene were constructed using the AlkPhos direct labeling kit with the CDP-star detection reagent (Amersham). Construction of the rescued strain. Genomic 13073 DNA was amplified by PCR with PFU Ultra (Stratagene), using primers corresponding to the wild-type sidA gene (forward, 505 bp upstream of the start codon [GAATTCGAATTCT GTCAAGAGCACCACACCTC] and reverse, 560 bp downstream of the stop codon [GAATTCGAATTCCCATCAGATAACGCGTGAAA]). Both primers contained EcoRI sites to facilitate ligation (underlined). The PCR fragment was cleaned using the QIAquick PCR purification kit (QIAGEN). The plasmid Bluescript SKϩ was cut with EcoRI (Invitrogen), followed by dephosphorylation with APex heat-labile alkaline phosphatase (Epicenter) and gel purification. The PCR product was ligated to the linear plasmid and the resultant plasmid (pCOMP2) used to transform E. coli DH5␣. Transformants were selected on LB-Amp with X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) (1 mg/ plate). Successful transformation was confirmed by restriction mapping and sequencing (data not shown). pCOMP2 was linearized with XbaI and used to transform conidia of A. fumigatus ⌬sidA. The fungi were grown on MM supplemented with TAF, and conidia were swollen in the presence of 10 mol of TAF and ferricrocin. The conidia were electroporated with 0 or 2 g DNA and transformants selected on Grimm-Allen agar containing 150 M dipyridyl. No colonies were observed with the no-DNA controls. In the samples incubated with 2 g DNA, three transformants were obtained, and all three were found to be hygromycin resistant. Successful ectopic integration of sidA was confirmed by PCR using primers homologous to the entire sidA gene (forward, CTCCATAT GGAATCTGTTGAACGGAAG; reverse, CCGAATTCTTATTACAGCATG GCTCGTAGC). PCR also revealed a band that corresponded to the sidA gene disrupted with hph, indicating that the original mutation was present in the rescued strain. One of transformants (R3) was chosen for phenotypic characterization and to confirm the rescue in the mouse model of invasive aspergillosis.
Detection of siderophores. Siderophores were purified from wild-type A. fumigatus and the ⌬sidA strain. Conidia (10 6 /ml) were inoculated into 5-ml volumes of YM and incubated at 37°C for 3 days. Cultures were filtered to remove mycelia, and 100 mg/ml FeCl 3 was added to the supernatants. Ferrated siderophores were then extracted from the aqueous supernatants with three 1-ml portions of 1:1 phenol-chloroform. Combined phenol-chloroform fractions were washed with 2 ml distilled water and then diluted with 10 ml diethyl ether. The siderophores were extracted from the diethyl ether fraction with two 0.5-ml portions of distilled water. Combined aqueous layers were washed with 0.5 ml diethyl ether and then lyophilized to dryness. Extracts were redissolved in 30 l double-distilled water and analyzed on silica gel thin-layer chromatography sheets, using a running phase of 4:1 dichloromethane-methanol. Purified TAF and ferricrocin were run as standards for identification.
Ferric reduction activity. Ferric reductase assays were performed as described by Morrissey et al. (33) . A. fumigatus wild-type and ⌬sidA strains were inoculated in GA medium (10 6 conidia/ml) containing 5 M FeCl 3 and incubated at 37°C and 150 rpm for 24 h. Mycelia were filtered through Miracloth (Calbiochem), washed with distilled water, and transferred to microcentrifuge tubes. Mycelia were incubated with 0.5 ml of 0.2 mM FeCl 3 in PBS plus 0.5 ml 2 mM bathophenanthrolinedisulfonic acid (Sigma-Aldrich) in PBS at 37°C and 150 rpm for 1 h, at which time the absorbance of the supernatant was measured at 540 nm. To normalize the absorbance data to biomass, mycelia were then washed and lyophilized and dry weights obtained.
Iron removal from holo-transferrin. A. fumigatus (10 6 conidia/ml) was cultured in 1 ml modified GA medium supplemented with 50 M FeCl 3 at 37°C for 24 h. Mycelia were washed three times with PBS and then resuspended in 1 ml minimal essential medium (MEM) containing no phenol red (pH 7.4) (Life Technologies) supplemented with 0.2 mg/ml human holo-transferrin (Sigma). Cultures were incubated at 37°C and 150 rpm, and 100-l samples were removed at various intervals. The samples were lyophilized to dryness and redissolved in 10 l water plus 10 l urea-polyacrylamide gel electrophoresis (urea-PAGE) loading buffer (1ϫ Tris-borate-EDTA, 10% glycerol, and 0.2% bromphenol blue). Urea-PAGE was used to determine the proportions of apo-, diferric, and monoferric transferrin in each sample. Urea-PAGE was carried out as described by Wolz et al. (55) , using a Protean II xi cell (Bio-Rad). Approximately 10 g transferrin in a 10-l volume was loaded onto each lane, and gels were run at 200 V for 18 to 20 h at 4°C. Gels were incubated for 30 min in 0.05% sodium dodecyl sulfate, stained with SYPRO orange (Molecular Probes, Eugene, Oregon), and scanned with a Typhoon 9410 imager (Amersham). Bands were quantified using ImageQuant 5.2 (Molecular Dynamics).
Mouse aspergillosis model. Female BALB/c mice weighing from 18 to 22 g were obtained from Charles River Breeders and given 0.5 mg/ml tetracycline in their drinking water throughout the course of the study. Mice were immunosuppressed by subcutaneous injections of 200 mg/kg cortisone acetate (Wiler-PCCA, London, Ontario, Canada) on days Ϫ3, 0, 2, and 4. Cortisone acetate was prepared as a 30-mg/ml suspension in sterile saline (Baxter Medical). For these studies, A. fumigatus was cultured on YM agar at 37°C for 4 days to ensure that conidia were fully mature and pigmented. Conidia were harvested as described above and suspended in sterile saline. Mice were randomly assigned to one of four treatment groups: parental strain (n ϭ 10), ⌬sidA strain (n ϭ 10), ⌬sidA R strain (n ϭ 10), and saline (n ϭ 5). On day 0, mice were anesthetized with isoflurane and 5 ϫ 10 6 conidia of either the wild-type, ⌬sidA, or ⌬sidA R strain were instilled intranasally in a 20-l volume using a micropipette and a gel loading tip. Control mice were anesthetized and received 20 l saline intranasally. Mice were kept anesthetized until all the liquid was observed to be inhaled. Mice were monitored daily for 14 days to observe any clinical symptoms and were deemed to have reached endpoint if they displayed ruffled fur and one of the following: either (i) labored breathing, hunching, and decreased movement or (ii) disorientation and loss of balance. Mice displaying either set of clinical symptoms were euthanatized.
At endpoint or the end of the 14-day study, lungs were fixed by immediately opening the chest of the euthanatized animal, isolating the trachea, and perfusing 10% formalin in PBS into the lung cavities. After 2 minutes, lungs were removed and further fixed at room temperature overnight in PBS containing 10% formalin. Lungs were subsequently paraffin embedded, sectioned, and stained with hematoxylin and eosin. Images were obtained on a Zeiss LSM10 confocal microscope equipped with a QImaging 10-bit camera.
Statistics. A. fumigatus growth data were analyzed using analysis of variance with Dunnett's multiple-comparison test, while mouse survival data were analyzed by log rank analysis. Statistical analyses were carried out using Prism 4.0 software (GraphPad).
Nucleotide sequence accession number. The sequence data for A. fumigatus sidA have been submitted to the GenBank database under accession number AY819708.
and an amino acid sequence of 501 amino acids were predicted for the A. fumigatus SidA protein.
The coding sequence of A. fumigatus sidA showed very high identity to sidA from A. nidulans (75%) and dff1 from A. oryzae (74%) (Fig. 2) . The A. fumigatus sequence contained the three signature sequences typical of amino acid hydroxylase enzymes. The first of these is the conserved putative binding sites for the substrate DXXX(L/F)ATGYXXXXP (47) , located at residue 400. Typical of ornithine-binding enzymes, such as pvdA and sid1, the last P of this sequence was not conserved in sidA and was replaced by H. The flavin adenine dinucleotide binding domain, GXGXXG, was located at residue 45, and the last glycine in this domain of sidA was exchanged for proline, which is typical of siderophore biosynthetic enzymes (47) . An NADP binding site, GXGXXG, was observed at residue 254, although, again typical for siderophore biosynthetic genes, the last G in sidA was not conserved (47) .
Deletion of sidA. To investigate the role of siderophores in iron uptake and virulence of A. fumigatus, the sidA gene was deleted by gene replacement. Southern analysis revealed only one copy of sidA in A. fumigatus genomic DNA (data not shown). sidA was PCR amplified from genomic DNA and cloned into the multiple cloning site of pBluescript SKϩ to create pGAW1. The hygromycin phosphotransferase (hph) cassette was inserted into the sidA sequence of pGAW1 to create pGAW2, a transformation vector containing a nonfunctional sidA gene and a selectable marker. In pGAW2, bases 576 to 1078 of the sidA coding region were replaced by hph, thereby removing required domains such as the NADP-binding site at residue 254. A. fumigatus strain ATCC 13073 was transformed by electroporation with pGAW2. The resulting hygromycin-resistant strains were screened for absence of siderophore production in low-iron modified GA medium. The GA medium was supplemented with 10 M TAF to support the growth of siderophore secretion mutants. This TAF concentration was low enough to avoid interference with the colorimetric detection of siderophores. Strains which did not produce an orange color upon addition of FeSO 4 to 4-day-old culture medium were examined further. The correct disruption and integration of the gene deletion construct were confirmed for one strain, 19B4, by PCR and Southern blot analysis ( Fig.  3A and B) .
sidA is required for growth in low-iron media and serumcontaining media. After 96 h, the ⌬sidA mutant and the parental strain achieved similar biomasses in rich media such as YM (Table 1) . However, growth of the ⌬sidA strain was severely restricted in iron-limited defined media such as GA medium. Supplementing GA medium with 5 M FeCl 3 partially restored the growth of the ⌬sidA strain, whereas 10 M TAF restored growth of the ⌬sidA strain to wild-type levels ( Table 1) . Serum is extremely iron limited because it contains partially saturated transferrin, which reduces free iron concentrations to very low levels. Thus, serum is inhibitory to the growth of many microbes, including most fungi. It has previously been demonstrated that siderophores produced by A. fumigatus were able to remove transferrin-bound iron (21) . Growth of the siderophore secretion mutant, the ⌬sidA strain, was completely inhibited by 10% human serum but could be restored to wild-type levels by addition of 50 M desferri-TAF or 50 M desferriferricrocin (Table 1) . These siderophore concentrations were chosen because they are similar to the concentration of siderophore produced by wild-type A. fumigatus in this medium. The importance of siderophore biosynthesis to growth in iron-limited media was confirmed by the observation that the rescued ⌬sidA R strain grew equally well as the wild type in GA medium or in medium containing serum (Table 1) .
sidA is required for secretion of TAF and ferricrocin. sidA catalyzes the first committed step in hydroxamate siderophore biosynthesis. A. fumigatus is known to secrete several siderophores of the hydroxamate group, and all should be absent in the ⌬sidA mutant. To determine whether sidA was required for the production of siderophores in A. fumigatus, the ⌬sidA strain and the wild type were cultured in liquid YM medium. YM was used for this experiment because it supports identical growth rates of the wild-type and ⌬sidA strains without inhibiting siderophore secretion by the wild-type strain. Both strains were cultured at 37°C for 3 days, at which time mycelia were removed by filtration, and siderophores were extracted from the culture medium as described in Materials and Methods. Solvent extracts were analyzed by thin-layer chromatography using 4:1 dichloromethane-methanol as the mobile phase. TAF, ferricrocin, and two unidentified siderophores were clearly visible in the extract from the wild-type strain; however, neither TAF, ferricrocin, nor the two additional unidentified siderophores could be observed on the thin-layer chromatogram of the ⌬sidA extracts (Fig. 4) . Faint yellow spots in the ⌬sidA lane correspond to components extracted from the me- A. fumigatus genomic DNAs from the wild-type and ⌬sidA strains were completely digested with EcoRV, HindIII, or PstI; separated by gel electrophoresis; and transferred to Hybond Nϩ. Blots were probed using a full-length sidA probe constructed using the AlkPhos direct labeling kit. Detection was with the CDP-star reagent. I, wild-type genomic DNA; II, ⌬sidA genomic DNA. Numbers on the left represent molecular size markers in kilodaltons.
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A. fumigatus has ferric reduction activity. Some pathogenic fungi do not produce siderophores and are able to grow in vivo using ferric reductase enzymes to obtain iron. For example, the ferrous iron transport system was found to be required for virulence of Candida albicans (40) . In addition, low-molecularweight reductants have also been shown to participate in iron acquisition in Histoplasma capsulatum (49) and Cryptococcus neoformans (36) . Both wild-type and ⌬sidA A. fumigatus strains produced measurable ferric reduction activity when grown in GA medium supplemented with 5 M FeCl 3 or in YM medium. There was little difference observed in the levels of ferric reduction activity in GA medium supplemented with 5 M FeCl 3 compared to YM medium (Table 2) , nor was any significant difference observed in the levels of ferric reduction activity expressed by the parental and ⌬sidA strains ( Table 2) . These results indicate that for A. fumigatus, at least in vitro, ferric reduction activity was not upregulated in the ⌬sidA strain to compensate for the defect in siderophore secretion.
A. fumigatus requires siderophores to remove iron from transferrin. The ability of the siderophore secretion mutant, the ⌬sidA strain, to remove iron from human diferric transferrin was assessed in vitro. The ⌬sidA strain and the parental strain were cultured in modified GA medium containing 50 M FeCl 3 for 24 h. Both strains produced similar amounts of mycelial biomass after 24 h but had not yet begun to conidiate. Mycelia were washed three times in PBS and transferred to fresh tubes containing MEM plus 0.2 mg/ml human diferric transferrin. This extra incubation step in GA plus FeCl 3 was required because ⌬sidA conidia cannot germinate and grow in MEM. The cultures were incubated at 37°C in MEM-diferric transferrin, and samples of supernatant were removed at various intervals. The supernatants were analyzed by urea-PAGE to measure the iron saturation of transferrin. Wild-type cultures converted all the diferric transferrin to monoferric transferrin and apotransferrin within 12 h (Fig. 5) . In contrast, the levels of diferric transferrin in the ⌬sidA culture remained identical to those in an uninoculated control over a period of at least 48 h (Fig. 5) . These data show that siderophores are required by A. fumigatus for removal of iron from human diferric transferrin.
Siderophore biosynthesis contributes to virulence of A. fumigatus. Because the ⌬sidA strain was unable to grow in ironlimited media, including serum, and was unable to remove iron from human diferric transferrin, we compared its virulence to that of the parental and rescued strains in a mouse model of invasive aspergillosis. Mice were immunosuppressed with cor- FIG. 4 . Thin-layer chromatography of siderophores produced by wild-type and ⌬sidA strains of A. fumigatus. Siderophores were extracted from wild-type and ⌬sidA cultures grown in 5-ml volumes of modified GA medium at 37°C for 3 days as described in Materials and Methods. Extracts were analyzed on silica gel thin-layer chromatography sheets with a mobile phase of 4:1 dichloromethane-methanol, and the locations of authentic TAF and ferricrocin standards run at the same time are noted. Ferricrocin, TAF, and two unidentified siderophores are visible in the wild-type extract (A), while no siderophores are visible in extract from the ⌬sidA strain (B). Faint yellow spots in the ⌬sidA extracts were also present at the same R f value in the uninoculated control (data not shown). conidia of the ⌬sidA, wild-type, or ⌬sidA R strain. Two distinct sets of clinical symptoms were observed in mice infected with the parental or rescued strain. Some developed clear signs of pulmonary infection, showing labored breathing, hunching, decreased mobility, and ruffled fur. The remaining mice displayed what appeared to be symptoms of sinusitis or central nervous system impairment. These mice had a characteristic head tilt, became disoriented and agitated, and showed a loss of balance. They also displayed ruffled fur, labored breathing, and eventually decreased mobility. Either one of these outcomes was classified as endpoint. One hundred percent of mice receiving the wild-type or ⌬sidA R strain reached endpoint by day 4 postinfection (Fig. 6 ).
In contrast, the ⌬sidA strain was avirulent in this model of invasive pulmonary aspergillosis (Fig. 6) . None of the mice infected with ⌬sidA conidia reached endpoint, which was not significantly different from the mortality rate of saline-inoculated, immunocompromised mice (Fig. 6) . To determine the extent of fungal growth, lungs were fixed in 10% formalin, embedded in paraffin, sectioned, and stained with hematoxylin and eosin. Lung fixation was performed when mice reached endpoint, or at 14 days postinfection for the remaining mice. Representative sections are shown in Fig. 7 . Of the four salinetreated controls whose lungs were examined, all four showed normal lung structure with open airways and no inflammation ( Fig. 7A and B) . Fungal hyphae were observed in sections from the mice receiving the wild-type strain. Fungal growth was accompanied by an extensive inflammatory infiltrate composed of polymorphonuclear leukocytes and monocytes. Extensive tissue destruction was apparent, including frank necrosis of the airway walls and large blood vessels and complete replacement of alveolar architecture with necrosis and inflammation ( Fig.  7C and D) . The mice that showed primarily central nervous system symptoms were also found to have fungal colonization of their lungs (Fig. 7C) . Mice receiving the rescued strain showed similar fungal growth and tissue destruction (Fig. 7E  and F) .
In the group that received the ⌬sidA mutant strain, sections from seven mice were examined. In the mice receiving the ⌬sidA strain, the lungs of four mice showed evidence of peribronchiolar or perivascular inflammation, whereas the remaining two mice had no evidence of inflammatory response. Only one of the mice exposed to the ⌬sidA strain had evidence of fungi within the lungs at 14 days postinfection. Figure 7G and H show representative sections in which inflammation is evident. In Fig. 7G , inflammatory cells appear to be confined to the lumen of the bronchioles. In Fig. 7H , there are leukocytes present in the airway walls, but in contrast to mice infected with the wild-type strain, little necrosis is evident. One mouse had an extensive inflammatory response consisting of both FIG. 5 . Iron saturation of human diferric transferrin incubated with wild-type or ⌬sidA A. fumigatus mycelia. A. fumigatus wild-type and ⌬sidA mycelia were incubated in MEM containing 0.2 mg/ml human diferric transferrin at 37°C and 150 rpm. Iron saturation of transferrin was assessed by urea-PAGE. Gels were stained with SYPRO orange and scanned on a Typhoon 9410 imager, and the transferrin bands were quantified using ImageQuant 5.2. Data are normalized and reported as percent total transferrin present in diferric form/percent transferrin in diferric form at time zero. Error bars represent standard deviations of triplicate measurements. polymorphonuclear leukocytes and monocytes. Fungal hyphae were evident in the some tissue sections of ⌬sidA-exposed mice; however, the fungal growth was less extensive than for the wild type and remained confined to the bronchiolar lumen (data not shown).
DISCUSSION
We have characterized the A. fumigatus L-ornithine N 5 -monooxygenase gene, sidA, which encodes the first committed step in hydroxamate siderophore biosynthesis. The A. fumigatus sidA gene showed a high degree of identity (ϳ75%) to L-ornithine N 5 -oxygenases from the closely related species A. nidulans and A. oryzae. A. fumigatus sidA contains the NADP-, flavin adenine dinucleotide-and substrate-binding domains (47) , which are identical to those of the other characterized Aspergillus L-ornithine N 5 -monooxygenases. In addition, sidA had a Ͼ50% similarity to L-ornithine N 5 -oxygenases from U. maydis (sid1), as well as to the pvdA genes of Pseudomonas and Burkholderia species. The similarity of sidA to bacterial L-lysine N 6 -hydroxylases (iucD) of Escherichia coli and Yersinia species was approximately 45%. A ⌬sidA strain of A. fumigatus was constructed by transformation with pGAW2, a sidA gene deletion construct. The ⌬sidA strain did not produce detectable levels of either of the two most common A. fumigatus siderophores, TAF and ferricrocin, nor were any other siderophores detected. To date, all siderophores reported for Aspergillus species are hydroxamate siderophores (22); therefore, it was expected that deletion of sidA would prevent synthesis of all A. fumigatus siderophores.
The ⌬sidA strain was unable to grow in low-iron defined medium (GA with no supplements); therefore, siderophore secretion was required for growth under very low iron conditions. This growth inhibition could be overcome by addition of 5 M FeCl 3 ; however, growth of the ⌬sidA strain in GA containing 5 M FeCl 3 was less than that of either the parental or ⌬sidA R strain. These results suggest that ferric iron could promote growth. The mechanism by which the A. fumigatus ⌬sidA strain can access ferric iron is not known, but it could involve the reduction of ferric to ferrous iron, followed by uptake by ferrous iron transporters.
Many pathogens, both bacterial and fungal, successfully colonize hosts without production of siderophores. Clearly, other iron uptake mechanisms are capable of scavenging iron within the host. Transferrin has low affinity for ferrous iron, and therefore reduction of ferric iron coupled with a ferrous iron transporter presents an alternative method of iron uptake. Ferric reductases have been well characterized in yeast pathogens such as Candida albicans (25) and Cryptococcus neoformans (24) . Histoplasma capsulatum produces siderophores and ferric reductases and expresses a cell surface receptor for hemin (18). The ferric reductases of H. capsulatum have been reported to remove iron from both hemin and transferrin (49) , offering an alternative to siderophore production for iron uptake in vivo. A ferrous permease was found to be required for virulence of C. albicans (40) . In addition, C. albicans produces the hemolytic molecule mannan (52) and has been demonstrated to access heme-bound iron (42) .
A. nidulans has been reported to produce an iron-regulated gene, freA, with homology to S. cerevisiae metalloreductases (37) . Wild-type and ⌬sidA A. fumigatus strains both displayed ferric reduction activity. We postulated that ferric reduction activity might be upregulated in the ⌬sidA strain to compensate for loss of siderophore-mediated iron uptake. However, no significant differences were observed between levels of ferric reduction activities of the wild-type and ⌬sidA strains in vitro. At low levels of iron (GA medium plus 5 M FeCl 3 ), ⌬sidA strain growth was less than that of the wild type, suggesting that A. fumigatus ferric reductases did not fully compensate for the absence of siderophores under these conditions. The ferric reductase and ferrous transporter molecules involved in iron uptake in yeast have been characterized (44) , but it is not known if functionally similar proteins are present in A. fumigatus.
Despite the lack of siderophore secretion, growth of the ⌬sidA strain was not inhibited in rich media such as YM, which contains various organic iron sources. These organic iron sources are therefore accessible to the A. fumigatus ⌬sidA strain through alternative iron uptake pathways. The A. oryzae ⌬dffA strain is similar to the ⌬sidA strain of A. fumigatus in that it was also able to grow rich medium without the addition of siderophores (57) . The poor growth of the ⌬sidA mutant in iron-limited GA medium was completely rescued by addition of 10 M TAF, indicating that a lack of siderophore secretion was the only cause of growth inhibition in this medium. These results contrast with those for A. nidulans sidA mutants, which were unable to grow in defined medium unless it was supplemented with 10 M TAF or 1.5 mM ferrous iron (18) . Thus, unlike A. fumigatus, A. nidulans is unable to access FeCl 3 or ferric iron from sources such as citrate without the use of siderophores. These data suggest that the A. nidulans metalloreductase gene, freA, may not promote any significant degree of reductive iron assimilation. More work is necessary to elucidate ferric reductase pathways in both A. fumigatus and A. nidulans, as the two species appear to differ significantly in their non-siderophore-mediated iron uptake pathways.
Previous studies in our laboratory have shown that A. fumigatus ATCC 13073 grows very well in the presence of high concentrations (up to 80%) of human serum, conditions which are normally fungistatic due to the low concentration of free iron (19) . In contrast, growth of the A. fumigatus ⌬sidA strain was completely inhibited by 10% human serum. Growth in GA medium containing FeCl 3 and serum could be restored by the addition of either 50 M desferri-TAF or 50 M desferriferricrocin, indicating that siderophores are required for the growth of A. fumigatus in serum-containing media. Wild-type A. fumigatus efficiently removed transferrinbound iron, even when mycelia were separated from diferric transferrin by a dialysis membrane with a 10-kDa-molecularmass cutoff (21) . These data suggested that siderophores were capable of removing transferrin-bound iron, but they did not eliminate the possible involvement of other iron uptake mechanisms such as low-molecular-weight ferric reductants. The ⌬sidA strain, which produced no siderophores, did not remove iron from transferrin, demonstrating conclusively that siderophores are required for iron removal from transferrin.
Siderophores have been demonstrated to play a role in pathogenesis of many different bacteria. Pyoverdine, a catecholate-hydroxamate siderophore, is required for virulence of Pseudomonas aeruginosa in a burned mouse model of infection (31) . In another study, it was found that both pyoverdine and another siderophore, pyochelin, contributed to virulence of P. aeruginosa (48) . Similarly, pvdA mutants of the closely related Burkholderia cepacia, which were unable to secrete ornibactins, were less virulent than the parental strain in both chronic and acute models of respiratory infection (46) . Aerobactin, a mixed citrate-hydroxamate siderophore, is an important contributor to in vivo extracellular growth of Escherichia coli (13) , Vibrio vulnificus strains unable to produce catechol siderophores showed reduced virulence in an infant mouse (27) , and anguibactin production has been shown to contribute to virulence of Vibrio anguillarum in juvenile trout (54) . For fungi, less is known about the role of siderophores in virulence, because many of the common fungal pathogens do not produce siderophores. However, many fungi are able to use exogenous siderophores, and siderophore transporters have been shown to be required by the yeast Candida albicans for epithelial invasion and penetration (23) .
⌬sidA strains of A. fumigatus were avirulent in a mouse model of invasive aspergillosis. Thus, sidA is one of the few identified virulence factors in A. fumigatus. To date, the only other avirulent strains of A. fumigatus are a PABA auxotroph that could not germinate in vivo unless supplied with PABA (5), a pyrG mutant unable to germinate in the absence of uridine and uracil (14) , and a lysF mutant unable to synthesize lysine (26) .
After this paper was submitted, Schrettl et al. (43) published their study of iron assimilation and virulence in Aspergillus fumigatus. Their findings confirm the results of the present study that siderophore biosynthesis represents a true virulence factor in A. fumigatus. Those authors showed that, unlike in A. nidulans, sidA deficiency reduced but did not completely inhibit the growth of A. fumigatus in iron-limited media indicating that siderophore-independent iron assimilation pathways exist in A. fumigatus. They also showed that the ⌬sidA strain was unable to grow on blood agar and that the ⌬sidA strain was avirulent in a mouse model of invasive aspergillosis. In contrast, disruption of the high-affinity iron permease gene, ftrA, did not diminish virulence in the mouse model, suggesting that reductive iron assimilation is not important for the growth of A. fumigatus in vivo.
In conclusion, siderophore-mediated iron uptake is required by A. fumigatus for growth in low-iron media, including serumcontaining media, and is the only mechanism by which A. fumigatus can remove iron from transferrin in vitro. Alternative iron uptake pathways are sufficient for growth in rich media and in defined media supplemented with 5 M FeCl 3 . Siderophore biosynthesis was required for virulence of A. fumigatus in a mouse model of invasive aspergillosis. Since siderophore biosynthesis pathways are absent in humans, they represent novel targets for antifungal chemotherapy.
